M
OST heart failure (HF) patients are 65 years, and HF is the number one hospital discharge diagnosis in this age group (1) . Data from the randomized Digitalis Investigation Group (DIG) trial suggest that digoxin reduce HF hospitalization in patients with HF (2, 3) . A recent comprehensive post hoc analysis of the DIG trial suggests that digoxin reduces HF hospitalizations regardless of serum digoxin concentrations (SDC) (4, 5) . However, in patients with low SDC (0.5-0.9 ng/mL), digoxin also reduces allcause mortality and all-cause hospitalizations (4) .
Digoxin is approved by the U.S. Food and Drug Administration (FDA) for use in HF, and national HF guidelines recommend use of digoxin to reduce HF symptoms and HF hospitalizations (6, 7) . However, evidence from recent large national HF registries suggest that use of digoxin in HF is on the decline (8, 9) . The rate of nonuse of digoxin may be even higher in geriatric HF due to previous reports about ineffectiveness or inappropriateness of digoxin in this population (10) (11) (12) . Elderly patients are also more likely to develop high SDC and digoxin toxicity than are younger patients (4, 13) . The decline in the appropriate use of digoxin in HF patients may have negative consequences for both HF patients and the health care system. The bulk of the cost of HF care is spent for inpatient care, and HF is the number one reason for hospitalization among older adults (14, 15) . However, little is known about the effect of digoxin at low and high SDC on outcomes in geriatric HF. The objective of this study was to determine the effect of digoxin at low and high SDC on mortality and hospitalizations, and to determine independent predictors of low SDC in older and younger adults with chronic systolic and diastolic HF.
METHODS

DIG Trial
The randomized placebo-controlled DIG trial was conducted during 1991-1995 in the United States (186 centers) and Canada (116 centers). The goal of the DIG trial was to determine the effects of digoxin in ambulatory adults with systolic and diastolic HF and normal sinus rhythm receiving background therapy with diuretics and angiotensin-converting enzyme (ACE) inhibitors. Patients received digoxin or placebo at the daily doses of 0.125 mg, 0.25 mg, 0.375 mg, or 0.50 mg (2) . The design and the results of the DIG trial have been previously described in detail (2).
Patients
Of the 7788 patients enrolled in the DIG trial, 6800 had systolic HF or left ventricular ejection fraction 45%, and 988 had diastolic HF or ejection fraction . 45%. For the current study, we analyzed data from 5548 patients who were alive at 1 month, and were either receiving placebo or had data on SDC based on specimens collected at least 6 hours after the last dose of digoxin.
Of the 5548 patients, 2658 were , 65 years and 2890 were 65 years, and 982 had low (0.5-0.9 ng/mL) and 705 had high ( 1 ng/mL) SDC. SDC has been shown to be an important determinant of the effect of digoxin on HF (4, (16) (17) (18) . Patients were randomly chosen for SDC measurement, except in life-threatening emergencies, when it was dictated by clinical indications (2) . SDC was categorized into low (0.5-0.9 ng/mL) or high ( 1.0 ng/mL) based on cut points used in the literature (4, 17) .
Outcomes
Primary outcomes for this analysis were all-cause mortality and hospitalizations due to HF and all causes at 39.9 months of median follow-up (41.3 months for , 65 years and 39.1 months for 65 years). Data on outcomes were 98.9% complete by December 31, 1995 (19) .
Statistical Analysis
Patients were categorized as either , 65 or 65 years of age, and separate analyses were conducted for each age group. We compared baseline characteristics of placebo, low, and high SDC patients. Kaplan-Meier survival analysis and log-rank tests were used to estimate the effects of low and high SDC on outcomes relative to placebo. Chronic kidney disease (CKD) was defined as estimated baseline glomerular filtration rate (GFR) , 60 mL/1.73 square meters of body surface area (20) .
Chi-square and bivariate Cox proportional hazards regression models were used to determine the unadjusted associations of low and high SDC with all-cause mortality, HF hospitalization, and all-cause hospitalization. To control for confounding variables, we used multivariable Cox regression models for each of the outcomes. In the multivariable models, low and high SDC were used as dummy variables (using placebo as the reference category). The covariates used in the multivariable models were age; sex; race; body mass index; duration of HF; etiology of HF; prior myocardial infarction, current angina, hypertension, or diabetes; pretrial use of digoxin; use of ACE inhibitors, diuretics, and combination of hydralazine and nitrates; current dyspnea at rest and dyspnea on exertion; heart rate; systolic and diastolic blood pressure; current jugular venous distension; third heart sound; pulmonary râles; lower extremity edema; New York Heart Association (NYHA) functional class; pulmonary congestion by chest x-ray; cardiothoracic ratio . 0.5; estimated GFR; and ejection fraction.
Finally, we examined the association between low-dose ( 0.125 mg/d) digoxin and low SDC (0.5-0.9 ng/mL) among patients receiving digoxin (n ¼ 1687), separately for patients , 65 (n ¼ 881) and 65 years (n ¼ 806).
Covariates previously shown to be associated with SDC (4), were stepwise entered into the multivariable logistic regression model: (i) age (. median age ¼ 1, else ¼ 0), sex (female ¼ 1), and race (nonwhite ¼ 1); (ii) CKD, diuretic use, and pulmonary congestion by chest x-ray. Median age for patients , 65 years and 65 years were, respectively, 58 and 71 years. Both models were fit to data during all steps of the regression analyses. Hosmer and Lemeshow goodness of fit test Chi-square at the final steps for , 65 and 65 years were, respectively, 7.2 ( p ¼ .512) and 7.8 (p ¼ .455). All statistical tests were evaluated using a two-tailed 95% confidence level. All data analyses were performed using SPSS for Windows, version 14 (21). 
RESULTS
Patient Characteristics
Patients , 65 years (n¼2658; low SDC¼510, high SDC¼ 296, and placebo ¼ 1852) had a median age of 57 years; 22% were women, 18% were nonwhite, and 9% had an ejection fraction . 45% ( Among patients 65 years, compared to those receiving placebo, low SDC was associated with younger age, lower mean serum creatinine, fewer pulmonary congestion, and less diuretic use (Table 1) . High SDC, in contrast, was associated with a higher dose of digoxin and higher serum creatinine. An asterisk next to a variable in Table 1 identifies a significant differences in patient characteristic between the two age groups.
Digoxin and Mortality in Younger Patients
During (Table 2) . Multivariable adjustment for baseline covariates did not significantly alter associations of low and high SDC with mortality ( Table 2 ). The Kaplan-Meier plots for mortality are displayed in Figure 1a . (Table 2) . Multivariable adjustment for baseline covariates did not significantly alter these associations of low and high SDC with mortality ( Table 2 ). The Kaplan-Meier plots for mortality among HF patients 65 years receiving placebo and among those with low and high SDC are displayed in Figure 1b .
Digoxin and Mortality in Older Patients
Digoxin and Hospitalizations in Younger Patients
Overall, 1693 (64%) patients , 65 years were hospitalized due to all causes, 1379 (52%) were hospitalized due to cardiovascular causes, and 773 (29%) due to worsening HF. Compared with 32% of patients receiving placebo, 20% with low SDC (HR ¼ 0.56; 95% CI ¼ 0.45-0.69; p , .0001) and 29% with high SDC (HR ¼ 0.88; 95% CI ¼ 0.70-1.11; p ¼ .275) were hospitalized due to worsening HF (Table 3) . Multivariable adjustment for baseline covariates did not significantly alter the association of low SDC and HF hospitalization (Table 3) . However, the association between high SDC and HF hospitalization became stronger and significant after multivariable adjustment for baseline covariates ( Table 3 ). The Kaplan-Meier plots for first HF hospitalization are displayed in Figure 2a .
Compared with 64% of patients receiving placebo, 60% with low SDC (HR ¼ 0.82; 95% CI ¼ 0.72-0.93; p ¼ .002) and 69% of high SDC (HR ¼ 1.22; 95% CI ¼ 0.97-1.30; p ¼ .131) patients were hospitalized due to all causes (Table 4) . Multivariable adjustment for baseline covariates did not significantly alter these associations of low and high SDC with all-cause hospitalization ( 
Digoxin and Hospitalizations in Older Patients
Overall, 2024 (70%) patients 65 years were hospitalized due to all causes, 1541 (53%) were hospitalized due to cardiovascular causes, and 939 (23%) due to worsening HF. Notes: *Adjusted for age, sex, race, body mass index, duration of heart failure, etiology of heart failure, prior myocardial infarction, current angina, hypertension, diabetes, pretrial use of digoxin, use of angiotensin-converting enzyme inhibitors, diuretics, and combination of hydralazine and nitrates, current dyspnea at rest and dyspnea on exertion, heart rate, systolic and diastolic blood pressure, current jugular venous distension, third heart sound, pulmonary râles, lower extremity edema, New York Heart Association functional class, pulmonary congestion by chest x-ray, cardiothoracic ratio . 0.5, estimated glomerular filtration rate, and ejection fraction.
HR 
Low-Dose Digoxin and Low SDC
Among patients receiving digoxin (n ¼ 1687), 260 (15%) were receiving digoxin at low doses ( 0.125 mg/d) and 982 (58%) had low SDC (0.5-0.9 ng/mL). Compared with 63% of younger patients, 54% of older patients developed low SDC (Chi-square p , .0001). Among patients , 65 years, impaired renal function and diuretics were independent negative predictors of low SDC (Figure 3 ). In contrast, among patients 65 years, age, impaired renal function, and pulmonary congestion were independent negative predictors of low SDC. Low-dose digoxin was the strongest independent predictor of low SDC (Figure 3 ). In these Notes: *Adjusted for the same covariates as in Table 2 . HR ¼ hazard ratio; CI ¼ confidence interval; SDC ¼ serum digoxin concentration.
patients, low-dose digoxin was associated with lower odds of high SDC (adjusted OR ¼ 0.42; 95% CI ¼ 0.30-0.61; p , .0001).
DISCUSSION
The results of the current study demonstrate that, as in younger HF patients, in ambulatory older adults with HF use of digoxin was associated with significant reduction in HF hospitalizations regardless of SDC. In addition, at low SDC, use of digoxin was also associated with reduction in allcause mortality and all-cause hospitalization in both age groups. Among older HF patients, low-dose digoxin ( 0.125 mg/d) was the strongest independent predictor of low SDC.
These findings are important because the vast majority of HF patients are older adults, HF is the number one reason for hospitalization among older adults, and with the aging of the U.S. population, the number of older adults with HF is likely to double in the coming decades. The benefits of low SDC are observed in patients who were receiving ACE inhibitors and diuretics, which is also an important consideration, because many elderly HF patients cannot tolerate or afford beta-blockers, and nearly half of all HF patients do not receive beta-blockers (8, 22) .
Possible Mechanistic Explanations
The beneficial effects of digoxin in HF are believed to be mediated via its favorable neurohormonal properties (6, 23) . Recent evidence suggests that digoxin inhibits sympathetic nervous system activities in HF by inhibiting the sodiumpotassium (Naþ-Kþ) adenosine triphosphatase (ATPase) enzyme in vagal afferent nerve fibers (24, 25) . Digoxin also inhibits the renin-angiotensin-aldosterone system by inhibiting the Naþ-Kþ ATPase in the renal tubules (23, 26) . The effects of digoxin have long been known to be dependent on doses and SDC (27, 28) . The favorable effects of digoxin at low SDC on broader natural history endpoints such as all-cause hospitalizations and all-cause mortality are probably mediated via the neurohormonal modulating properties of digoxin. It has been suggested that digoxin exerts its neurohormonal properties best at low SDC (4, 17, 18, 23, 25) . However, the effect of digoxin on HF hospitalization was evident regardless of SDC. It is possible that this was in part mediated via hemodynamic properties of digoxin (32, 33) . The inotropic properties of digoxin are believed to be less SDC-dependent than are its neurohormonal properties.
Comparison With Previous Studies
To the best of our knowledge, this is the first comprehensive post hoc analysis of DIG data examining the effect of SDC in elderly men and women with systolic and diastolic HF. The results of this analysis are consistent with those reported by Rich and colleagues, who did not find any significant interaction between age and digoxin (3). However, SDC was not accounted for in that analysis.
Clinical Implications
Digoxin is the oldest HF drug and is also inexpensive. It is FDA approved for HF use and is recommended by HF guidelines (6, 7) . However, recent evidence suggests that the use of digoxin in HF has declined (8, 22) . Although the reasons for this decline are complex and have not been well studied, it is suspected that the age of the DIG trial in the pre-beta-blocker era and lack of mortality benefit of digoxin tempered enthusiasm for digoxin use in today's HF patients. However, there is no evidence that beta-blockers recommended for systolic HF are beneficial in diastolic HF, (6, 34, 35) , and about half of all systolic HF patients do not receive beta-blockers (8, 22) . There is also evidence that digoxin and beta-blockers are beneficial in the presence of each other (36) . Finally, many elderly HF patients remain symptomatic despite therapy with ACE inhibitors and betablockers. Therefore, digoxin can play an important role in reducing HF hospitalization in older adults with symptomatic HF (4, 37) and thus improve quality of life and ease the burden on the health care system. However, digoxin is used in low doses and care is taken to achieve low SDC, digoxin may also reduce all-cause mortality and all-cause hospitalizations.
Importance of Low-Dose Digoxin in Older Adults
Digoxin should be used in low doses in older adults with symptomatic HF with or without atrial fibrillation. Specifically, digoxin should be considered for treatment of HF symptoms before high-dose nonpotassium-sparing diuretics. Diuretics may activate neurohormones and increase mortality (38) . Digoxin should also be considered before referring geriatric HF patients for invasive and expensive devicebased therapies (39) .
The results of the current analysis also highlight the relative importance of low-dose digoxin ( 0.125 mg/d) in older adults. Low-dose digoxin was an independent predictor of low SDC in older adults, but not in younger adults. It is thus prudent to treat older adults with HF with digoxin 0.125 mg/d. Lower doses (0.125 mg every other day or 0.625 mg/d) should be used for patients who are 72 years or those who have CKD or pulmonary congestion. It may also be prudent and cost-effective to check SDC in these patients to guide therapy.
Strengths and Limitations
This is the first comprehensive analysis of the DIG trial that demonstrates that digoxin at low SDC is as effective in older adults as in younger adults suggesting that the pharmacodynamic (what drug does to the body) properties of digoxin are similar, regardless of age. However, pharmacokinetics (what body does to the drug) of digoxin may be more variable at different ages. We noted that kidney function, a major determinant of excretion of digoxin, had similar effect of SDC, regardless of age. However, unlike in younger adults, age and digoxin dose were independent predictors of SDC in older adults, suggesting important agerelated changes in digoxin pharmacokinetics with aging. We also noted that there was no age-related difference in the incidence of hospitalizations due to suspected digoxin toxicity.
Participants in the DIG trial were predominantly white, male, and relatively younger, with mild to moderate HF and normal sinus rhythm, thus limiting generalizability. However, the mean age of patients 65 years in our subgroup analysis was 72 years (vs 55 years for those , 65 years). The results of this study are based on post hoc analysis and should be interpreted with caution. However, in the absence of randomized clinical trial evidence, these provide the best interim evidence of the effect of digoxin on long-term broader natural history end points in geriatric patients with HF.
Conclusions
Digoxin reduced HF hospitalizations in older adults with HF regardless of SDC. However, at low SDC (0.5-0.9 ng/ mL), digoxin also reduced all-cause mortality and all-cause hospitalization and should be considered in symptomatic geriatric HF patients. Low-dose digoxin ( 0.125 mg/d) is likely to achieve low SDC. However, SDC should be checked in frail elderly patients with impaired renal function to guide therapy. Notes: *Adjusted for the same covariates as in Table 2 . HR ¼ hazard ratio; CI ¼ confidence interval; SDC ¼ serum digoxin concentration. 
